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We investigate the structural, magnetic and spin-state transitions, and magnetocaloric properties
of Sr2−xLaxCoNbO6 (x = 0–1) double perovskites. The structural transition from tetragonal to
monoclinic phase at x > 0.6, and an evolution of (101)/(103) superlattice reflections and Raman
active modes indicate the enhancement in the B-site ordering with x. The magnetic susceptibility
data reveal the transition from weak ferromagnetic (FM) to antiferromagnetic (AFM) ordering for
x > 0.6 with TN≈9–15 K. Interestingly, the La substitution drives towards more insulating state
due to increase in high-spin Co2+, whereas a spin-state crossover is observed in Co3+ from high-
spin to intermediate/low-spin states with x. We discuss the correlation between complex magnetic
interactions and the presence of various Co spin-states in the system. Moreover, the emergence of
metamagnetic nature due to the competition between FM and AFM interactions as well as crossover
from conventional to inverse magnetocaloric effect have been demonstrated by detailed analysis of
temperature and field dependent change in magnetic entropy.
INTRODUCTION
The spin-state crossover at 80–90 K and its crucial role
in understanding the unusual magnetism and electronic
transport in LaCoO3 are most famous long-standing
problems in solid state physics [1–3]. The presence of
various spin-states of Co3+ ion i.e., low spin (LS; t62g
e0g), intermediate spin (IS; t
5
2g e
1
g), high-spin (HS; t
4
2g
e2g), and/or mixed states is still under debate in spite
of the extensive experimental and theoretical studies [1–
8]. A strong competition between crystal field splitting
(∆cf) and Hund’s exchange energy (∆ex) results in the
considerably small energy difference between HS and LS
states [1–3]. Also, the IS state found to be energetically
close to the LS state when the hybridization between Co
eg and O 2p orbitals has been considered [6]. In order to
understand the temperature dependent magnetic suscep-
tibility (χ-T) behavior of LaCoO3, it has been suggested
that the presence of HS states favors the antiferromag-
netic (AFM) exchange interactions, whereas the IS states
of Co3+ show the ferromagnetic (FM) interactions [8–
10]. Hence, the presence of mixed states results in the
competition between FM and AFM interactions, which
depends on their relative population. In this direction,
double perovskite oxides with general formula A2BB
′O6
(A: rare earth/alkali earth metals, B/B′: transition met-
als) have attracted great attention due to an extra degree
of freedom of tuning the B-site ordering [11–14]. Here
the rock salt like B-site ordering is governed by two ma-
jor factors: difference in the valence state of two B-site
cations (∆VB) and their ionic mismatch (∆rB). It is im-
portant to note that the large ∆VB and ∆rB favor the
ordering in the crystals due to reduction in the coulombic
repulsion energy and lattice strain, respectively [12–14].
The degree of B-site ordering in these materials governs
most of their magnetic, transport, and electronic proper-
ties [15–19] and consequently their technological aspects,
namely in photocatalysis, photovoltaics, solid oxide fuel
cells, etc. [20–25]. The extent of ordering can be quanti-
fied by long range order parameter, S = 2z− 1 [14, 19],
where z is the fractional occupancy of B/B′ cations at
their given Wyckoff positions. The values of S = 1 and
0 indicate completely ordered and disordered configura-
tions, respectively.
Interestingly, due to the combined effect of the multi-
ple spin-states of Co and flexibility in the B-site cationic
ordering, Co-based double perovskite oxides are par-
ticularly important to understand their unusual phys-
ical properties with aliovalent substitution at A-site
[16, 17, 26–28]. However, the substitution at A- and/or
B- site(s) is limited by the ionic mismatch between the
different atoms, which can be estimated by the Gold-
schmidt tolerance factor, τ , where the deviation of τ from
the unity gives an estimation of the chemical pressure in
the system and hence possibility of lowering in the crystal
symmetry. Moreover, the Co2+ is energetically favorable
to exist in the HS state due to weaker crystal field effect
as compared to Co3+ [29]. Also, due to the presence of
triply degenerate 4T1 ground term, HS Co
2+ systems in
octahedral coordination results in the unquenched orbital
magnetic moment, which make this system more interest-
ing [30, 31]. Further, octahedrally coordinated HS Co2+
shows the strong AFM exchange interactions and thus a
mixture of Co3+ and Co2+ lead to the several compet-
itive interactions, which give rise to the exotic physical
properties [32, 33]. For example, a significantly differ-
ent behavior of electronic transport has been reported
in La1+xA1−xCoRuO6 (A = Ca, Sr) with hole and elec-
tron doping [16, 32]. More recently, the spin-orbit cou-
pling in Ir and magnetic interactions between Co 3d and
Ir 5d (spatially extended orbitals) moments have been
studied along with spin-state transition between HS/LS-
Co2+/LS-Ir4+ to HS-Co3+/LS-Ir5+ in La2−xSrxCoIrO6
systems [34–38]. Also, the effect of small ionic mismatch
between B-site cations and mixed valance states in var-
ious Co-based double pervoskites A2CoBO6 (A = Sr,
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2Ca, Ba, Y, La and B = Mn, Fe) results in exciting
phenomenon like large magnetoresistance, exchange bias,
spin-glass, cluster-glass, memory effect, multiferroicity,
magnetocaloric, and thermoelectric effects [39–45], which
are crucial for various device applications. The observa-
tion of half-metallicity in Sr2FeMoO6 with high ferro-
magnetic Curie temperature has also opened the possi-
bility of room temperature spintronics [24, 46], where the
knowledge of degree of disorder is important for high spin
polarization. However, the presence of magnetic atoms
at both B and B′ sites (in some cases A-site as well [27])
and complex magnetic interactions between them make
it difficult to study the role of individual atom in con-
trolling their physical properties.
Therefore, in order to understand the magnetic/spin-
states of Co ion in the octahedral environment and its
evolution with temperature, and B/B′ ordering, it is vital
to investigate the Co-based double perovskites with other
non-magnetic atoms; for example Ti4+ (3p6) [33, 47],
Nb5+ (4d0) [16, 48, 49], which are largely unexplored. A
large discrepancy in the effective magnetic moment (µeff)
and hence the spin-states of Co exist in literature. Re-
cently, we have reported that Nb substitution at Co site
in LaCoO3 convert Co
3+ to Co2+ and stabilize them in
HS state along with structural transition [50]. Whereas,
the substitution of Sr/Nb in LaCoO3 stabilize Co
3+ in
a mixed state of IS and HS [51, 52]. Moreover, in dou-
ble pervoskites the µeff of Sr2CoNbO6 found to be equal
to that of spin only moment 4.9 µB , which confirms the
presence of Co3+ only in HS states [10]. While the µeff
is found to be 2.06 µB and 1.91 µB in refs. [53] and [48],
respectively, which suggest the presence of LS–HS or LS–
IS states. Also, the Co3+ in mixed HS and IS states
has been reported in Ba2CoNbO6 [49]. Interestingly,
the bifurcation in ZFC–FC curves of Ba2CoNbO6 sup-
presses with applied magnetic field at around H>10 kOe
[49]; while no such behavior was observed in the χ−T
curves of Sr2CoNbO6 [10]. Also, the (LaA)CoNbO6 (A =
Ca, Sr, and Ba) show the magnetic frustration which
increases with the size of A-site cations and a signifi-
cant orbital magnetic moment has been reported due to
HS Co2+ in the octahedral environment [16]. However,
aliovalent substitution at A site is largely unexplored in
Sr2CoNbO6, where the substitution of La
3+ (5p6) at Sr2+
(4p6) site (both non-magnetic) can change Co3+ to Co2+
i.e., ∆V from 2 to 3, as the Nb5+ valence state remains
unaltered, and hence control the B-site ordering due to
the moderate ionic mismatch between Co and Nb. More-
over, the change in the magnetic entropy (∆S) derived
from the magnetization measured at various tempera-
tures across the transition is more sensitive to the com-
plex magnetic behavior [54].
In this paper we investigate the structural, mag-
netic, magnetocaloric and electronic transport behavior
in Sr2−xLaxCoNbO6 (x = 0–1) double perovskites. We
found a structural phase transition, and the evolution
of (101)/(103) superlattice reflections and appearance of
Raman active modes indicate a systematic enhancement
in the B-site ordering with x. A long range antiferro-
magnetic ordering is clearly evident in χ−T data for x >
0.6 samples with the TN value of 9–15 K. Our isothermal
magnetization study reveals the low temperature weak
FM interactions for x 6 0.4 and a weak metamagnetic
signature for x > 0.6. The substitution of La at Sr site
changes Co3+ (for x = 0) to Co2+ (for x = 1). The or-
bital contribution in magnetic moment in case of Co2+
and spin-state of Co3+ are estimated from the χ−T mea-
surements. The competition between FM and AFM in-
teractions has been found by analyzing the temperature
and field dependent ∆S. Moreover, a drastic reduction in
the electronic conductivity with increase in x, due to the
conversion of Co3+ into Co2+ has been discussed.
EXPERIMENTAL
Polycrystalline Sr2−xLaxCoNbO6 (x = 0–1) samples
were synthesized by solid-state route. We used all the
precursors as purchased except Lanthanum (III) Oxide
(La2O3), which was pre-heated at 900
◦C for 3 hrs to en-
sure the dehydration [55]. The stoichiometric amount
of strontium carbonate (SrCO3), niobium (V) oxide
(Nb2O5), cobalt(II,III) oxide (Co3O4) and dried La2O3
(all were from Sigma/Alfa with purity ≥ 99.99%) were
ground in a mortar-pastel for around 5 hrs for the homo-
geneous mixing. Then, pressed the resultant powder into
pellets with hydraulic press at 2500 psi and calcined at
900◦C for 2 hrs and finally sintered at 1300◦C for 48 hrs
with intermediate grindings [26]. The structural inves-
tigation has been done by x-ray diffraction (XRD) mea-
surements at room temperature using Panalytical Aeris
diffractometer in Bragg- Brentano geometry with Cu-Kα
(λ=1.5406 A˚) radiation and 40 keV accelerating voltage.
For the Rietveld refinement of XRD patterns of all the
samples, we used the pseudo voigt peak shape and lin-
ear interpolation between the set background points in
FullProf suite [56]. We use a Renishaw inVia confocal
Raman microscope to perform the Raman spectroscopy
measurements in backscattering geometry with a 532 nm
excitation wavelength, 2400 lines per mm grating and
1 mW laser power. The temperature and field depen-
dent magnetization (M–T and M–H) measurements were
carried out using superconducting quantum interference
device (SQUID) from Quantum Design, USA. The vir-
gin magnetization isotherms at different temperatures
and temperature dependent resistivity (ρ–T) data were
collected using physical property measurement system
(PPMS) from Quantum Design, USA.
3RESULTS AND DISCUSSION
In Figs. 1(a–f) we present the Rietveld refinement of
room temperature XRD patterns of Sr2−xLaxCoNbO6
(x = 0–1) samples, which show the tetragonal structure
(I4/m) up to x 6 0.4 having a0a0c− tilt system. While
we found a monoclinic (P21/n) distortion in the crys-
tal structure for x > 0.6 samples having b−b−c− tilt [26]
along with an increase in lattice parameters. The octahe-
dral tilting is described by the Glazer notations [57, 58],
where letter denotes the magnitude of rotation of octahe-
dron about an axis relative to its magnitude of rotation
about another crystallographic axis, and its superscript
(+/-) indicates whether the rotation of the adjacent oc-
tahedron is in the same direction (+) or opposite (-). The
absence of any rotation of octahedron about a particu-
lar axis is denoted by 0 superscript. The difference in
the effective ionic radii of La3+(1.36 A˚; 12 coordinated),
Sr2+(1.44 A˚; 12 coordinated), Co3+(0.545 A˚ for LS and
0.610 A˚ for HS; 6 coordinated) and Co2+(0.650 A˚ for
LS and 0.745 A˚ for HS; 6 coordinated) [59] is the key
factor for this lowering in the crystal symmetry and the
unit cell expansion with increase in the La concentration.
As stated above, substitution of smaller La3+ cations at
larger Sr2+ site enhance the concentration of Co2+ ions
in the same proportion, which are larger than Co3+ ions.
Thus, the cumulative effect of both Sr2+→ La3+ and
Co3+→Co2+ governs the change in the crystal symme-
try of these materials. This can be understood by the
tolerance factor τ values, as listed in Table I for all the
samples along with other Rietveld refined parameters,
keeping in mind the low sensitivity of the conventional
XRD for oxygen and hence fallacy in the bond lengths
and bond angles containing the oxygen atoms. We cal-
culate the τ by taking the average ionic radii of LS and
HS states for Co3+ and HS state for Co2+. The decrease
in τ value with x below unity clearly indicates the strong
possibility of lowering in the crystal symmetry. Interest-
ingly, the evolution of the superlattice reflections (101)
and (103), originating from the alternating CoO6 and
NbO6 octahedra, suggests the enhancement in the B-site
ordering, as shown in the insets of Fig. 1(f). This is con-
sistent as higher concentration of Co2+ ions due to substi-
tution of Sr2+ ions by La3+ ions results in the increment
in4V, which is the key factor to favor the ordering at the
B-site. Here, the percentage of disorder can be quantita-
tively extracted by refining the occupancy of Nb and Co
atoms at their given Wyckoff positions, see S parameter
in Table I. This indicate the transition from completely
disordered (x = 0) to almost ordered (x = 1) structure
with La substitution [10, 16]. We note here that the S
parameter increases systematically with x, whereas the
intensity of the ordered peak for the x = 0.8 sample is less
than that of the x = 0.6 sample, see insets of Fig. 1(f).
This discrepancy is possibly due to different degree of oc-
tahedral tilting, which can also lead to the evolution of
these reflections [60].
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FIG. 1. (a–f) The Rietveld refinement of XRD data of
Sr2−xLaxCoNbO6 (x = 0–1), where the observed data points,
simulated curve, Bragg positions and difference in observed
and simulated data are shown by open red circles, continu-
ous black line, vertical green bars and continuous blue line,
respectively. Insets of panel (f) show the evolution of the su-
perlattice reflections (101) and (103) with La concentration.
To further check the microstructure i.e., tilting, rota-
tion and/or ordering of (B/B′)O6 octahedra, we show
Raman spectra in Fig. 2 where a sharp enhancement
as well as evolution of new Raman active modes can be
clearly observed with x. The group theory predict nine
Raman active modes for I4/m (tetragonal) crystal struc-
ture as Γg(I4/m) = ν1(Ag)+ ν2(Ag+ Bg)+ ν5(Bg+Eg)+
T(Bg+Eg)+ L(Ag+Eg), where ν1, ν2 and ν5 are oxygen
symmetric stretching, asymmetric stretching and bend-
ing modes, respectively, i.e., internal modes of octahe-
dron, and T and L are translational and vibrational
modes due to the motion of A-site cations and rotation
of octahedra, respectively, i.e., external modes [61]. For
the x = 0 sample, we observe two weak Raman modes at
4TABLE I. Rietveld refined order parameter (S), lattice parameters, calculated tolerance factor, selected bond lengths (A˚) and
bond angles (degree) along with fitting reliability parameters of Sr2−xLaxCoNbO6 (x = 0–1) samples.
x 0 0.2 0.4 0.6 0.8 1
τ 0.9997 0.9886 0.9778 0.9671 0.9565 0.9462
Phase Tetragonal Tetragonal Tetragonal Monoclinic Monoclinic Monoclinic
S 0.00 0.02 0.14 0.62 0.80 0.94
a(A˚) 5.602 5.595 5.600 5.622 5.641 5.648
b(A˚) 5.602 5.595 5.600 5.618 5.642 5.653
c(A˚) 7.921 7.932 7.948 7.977 7.984 7.984
β(0) 90 90 90 89.7 89.9 89.9
Volume (A˚3) 248.59 248.32 249.23 251.92 254.09 254.92
<Co—O>6 1.98 1.99 1.99 1.99 1.92 2.00
<Nb—O>6 1.99 1.99 2.02 2.07 2.11 2.07
<La/Sr—O>12 2.80 2.81 2.81 2.83 2.84 2.84
<Co—Nb>6 3.961 3.960 3.964 3.979 3.990 3.994
<Co—O—Nb>6 178.7 169.1 166.3 160.7 161.1 158.4
χ2 1.83 2.04 2.39 2.27 1.53 1.79
Rp 1.92% 2.06% 2.31% 2.40% 3.14% 2.48%
Rwp 2.65% 2.93% 3.33% 3.44% 4.18% 3.44%
RF 4.70% 2.57% 2.06% 4.69% 5.13% 4.81%
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FIG. 2. Raman spectra of Sr2−xLaxCoNbO6 (x = 0–1) mea-
sured at room temperature using 532 nm excitation wave-
length. Red solid line in case of x = 1 sample represents the
Lorentzian fitting of the data points. The curves have been
vertically shifted for the clear presentation.
around 190 and 800 cm−1 (as indicated by arrows), which
can be ascribed to the T and ν1 modes, respectively.
This discard the possibility of centrosymmetric (Raman
inactive) Pm3¯m (cubic) structure for the x = 0 sam-
ple, as claimed in refs. [10, 53]. Notably for the ordered
P21/n (monoclinic) structure, a total of 24 Raman active
modes are predicted having irreducible representation as
Γg (P21/n) = ν1(Ag + Bg) + 2ν2(Ag + Bg) + 3ν5(Ag
+ Bg) + 3T(Ag + B2g) + 3L(Ag + Eg) [61, 62]. We ob-
serve a most intense band around 800 cm−1 due to oxygen
symmetric stretching (ν1), whereas modes between 550–
650 and 330–500 cm−1 represent the oxygen asymmet-
ric stretching (ν2) and bending (ν5) modes, respectively,
along with translational (T) modes in the range between
100–250 cm−1 [61]. The presence of several Raman active
modes in case of the x = 1 sample directly confirms the
fact of enhancement in Co/Nb ordering and consequently
lowering in crystal symmetry with La substitution [63],
as also evident from the XRD analysis.
In order to probe the impact of enhancement in the
Co2+ concentration and hence B-site ordering on the
magnetic properties of the Sr2−xLaxCoNbO6 (x = 0–1)
samples, the χ−T measurements were carried out from 2
to 320 K in both zero field cooled (ZFC) and field cooled
(FC) modes at 500 Oe applied magnetic field, as shown
in Figs. 3(a–f). Inset in each panel shows the enlarged
view of low temperature region to make the transition
clearly visible. The clear bifurcation in the ZFC and FC
curves of 06 x 60.4 samples indicates the possibility of
spin glass (SG) and/or ferromagnetic interactions in the
low temperature regime. For the x = 0 sample, we ob-
serve a cusp around 15–20 K, which is consistent with
the earlier report, where the author claimed this cusp to
be the field independent signature, which along with the
absence of aging effect discard the possibility of the low
temperature spin-glass behavior in the parent compound
[10]. The ZFC and FC curves bifurcate below around
20 K, 12 K and 7 K for the x = 0, 0.2 and 0.4 samples,
550
40
30
20
10
 ZFC
 FC
x=0.8
50
40
30
20
10
x=0.2
 ZFC
 FC
50
40
30
20
10
300250200150100500
temperature (K) 
x=1
 ZFC
 FC
50
40
30
20
10
x=0.6
 ZFC
 FC
60
40
20
x=0.4
 ZFC
 FC
30
20
10
 ZFC
 FC
x=0
500 Oe
 (1
0-3
em
u/
m
ol 
oe
)
50
45
40
35
30
25
201612840
(b)
35
30
25
20
15
302520151050
(a)
70
60
50
40
14121086420
(c)
50
48
46
44
42
40
201612840
TN=10K
(d)
52
48
44
40
36
302520151050
TN=15K
(f)
52
48
44
40
302520151050
TN=14K
(e)
FIG. 3. (a–f) The magnetic susceptibility of x = 0–1 samples
measured in both zero field cooled (ZFC) and field cooled
(FC) modes from 2 K to 320 K at 500 Oe, inset in each panel
shows the magnification of the low temperature region for the
clarity of the presentation.
respectively, see Figs. 3(a–c). Interestingly, a decrease in
the bifurcation temperature up to x = 0.4 sample sug-
gests the reduction in the ferromagnetic interactions with
the La concentration. This is consistent with the field
dependent magnetization (M-H) measurements at lower
temperature, discussed later.
Moreover, with further increase in the La concentra-
tion i.e., x > 0.6, we observe an antiferromagnetic order-
ing at low temperature. More interestingly, the value of
transition temperature, TN increases with La concentra-
tion i.e., TN ≈10, 14 and 16 K for the x = 0.6, 0.8 and
1 samples, respectively, see Figs. 3(d–f). Notably, the
value of TN for the x = 1 sample is in close agreement
with the reported in ref. [26]. It is interesting to note
that alternating ordering of NbO6 and CoO6 octahedra
leads to the antiferromagnetic interaction between two
Co ions through 90 and 180◦ Co-O-Nb-O-Co superex-
change paths [26]. The enhancement in the TN directly
support the fact of increase in the B-site ordering in these
samples, which is the consequence of increase in the Co2+
concentration with La substitution. There is no signifi-
cant bifurcation observed for the x = 0.6 and 0.8 sam-
ples, while for the x = 1 sample the ZFC–FC curves
bifurcate below around 180 K [see Fig. 3(f)]. This sug-
gests the presence of weak ferromagnetic interactions in
the x = 1 sample, which is further supported by the
M–H measurements at 30 K (discussed later). The pres-
ence of small amount of secondary phases in the highly
La rich sample, which are out of the detectability limit
of the conventional XRD, could be the possible reason
for this. Furthermore, Figs. 4(a, b) show the temper-
ature dependence of inverse and temperature weighted
susceptibility, respectively. A non-linearity in the inverse
susceptibility curves in the x 6 0.4 samples is possibly
due to the strong crystal field effect in case of Co3+. In-
terestingly, a monotonic enhancement in the magnetic
susceptibility is observed with the La substitution due
to increment in the temperature independent paramag-
netic (TIP) moment owing to the enhancement in the
Co2+ concentration, having 4T1 ground state term. The
Co2+ have significantly non-zero TIP term because of the
mixing in ground and the excited states due to non-zero
second order Zeeman’s interaction [30]. Inset of Fig. 4(b)
show the enlarged view of the low temperature regime,
where a reduction in χT values for x > 0.6 below TN
indicate the domination of AFM interactions over TIP
moment.
First we analyze the high temperature magnetization
data (250–320 K) using Curie–Weiss (C–W) law, χ =
C/(T-Tθ), where C and Tθ are Curie-Weiss constant and
Curie temperature, respectively. The values of C, Tθ and
calculated µeff per formula unit extracted from the linear
fitting of inverse susceptibility versus temperature curves
[see Fig. 4(a)] are given in the table II. Here, the value of
the frustration factor f , defined as f = | Tθ |/Tt, where
Tt is the transition temperature, taken as TN for x >
0.6 and bifurcation temperature in ZFC and FC curves
for x 6 0.4, indicate the highly frustrated spins in all
the samples [26]. The strong competition between the
various possible oxidation and spin-states of Co along
with the B-site disorder and complex exchange inter-
action between them give rise to the frustration in the
spins at low temperature, which can strongly influence
the magnetic transition temperature, whereas the value
of Tθ is the measure of the strength of the paramag-
netic interactions [26, 64]. Note that the µeff for the
x = 1 sample is higher than the spin only magnetic mo-
ment (µs) even for high spin Co
2+ (3d7; t52ge
2
g; S=3/2;
3.87 µB), indicating the significant orbital contribution
in the magnetic moment due the presence of triply de-
generate 4T1 ground term. This unquenched orbital mag-
netic moment, a common phenomenon for six fold coor-
dinated HS Co2+ [31], indicate a negligible distortion in
CoO6 octahedron. In order to estimate the spin-state
of Co3+ in all the samples, we examine the behavior of
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FIG. 4. Temperature dependent inverse susceptibility
(a) and temperature weighted susceptibility (χT) (b) of
Sr2−xLaxCoNbO6 for x = 0–1 respectively in ZFC mode from
2 K to 320 K in the presence of 500 Oe magnetic field. In-
set in (b) show the magnification of the lower temperature
regime for the clarity. (c) Comparison of the experimentally
calculated effective magnetic moment µeff (solid black circles)
with that reported in the literature, and expected magnetic
moment for the various spin-states of Co3+ with increase in
La content (x), where Co2+ is expected and considered to
be always in HS state with composition weighted 5.62(1) µB
contribution in the magnetic moment. The error in the µeff
values of the present study is less than the size of the symbols.
paramagnetic moment and calculate the µeff per Co
3+
ion as µCo3+ =
√
(µ2eff − x.µ2Co2+)/(1− x), where µeff
is the experimentally calculated effective magnetic mo-
ment per formula unit. Here, we consider the compo-
sition weighted 5.62(1) µB contribution from Co
2+ i.e.,
x.µCo2+ in above equation. From the calculated mag-
netic moment for Co3+ (see Table II), we estimate the
spin-states of Co3+ in these samples by considering spin
only contribution in the magnetic moment of Co3+ ions.
TABLE II. Curie-Weiss temperature (Tθ), Curie constant
(emu K/mol Oe), paramagnetic effective magnetic moment
(µB) extracted from the linear fitting of 1/χ versus T plot at
the higher temperature, calculated effective moment of Co3+
(µB) and frustration factor (f) for Sr2−xLaxCoNbO6 for x =
0–1. The numbers in the parentheses represent the errors in
the last digit of the extracted parameters.
x Tθ (K) C µeff µCo3+ f
0 -369(5) 2.64(2) 4.60(2) 4.60(2) 18.4(2)
0.2 -230(8) 2.51(4) 4.48(4) 4.15(5) 19.2(7)
0.4 -131(3) 2.43(1) 4.41(1) 3.37(3) 18.7(4)
0.6 -67(1) 2.72(1) 4.67(1) 2.67(6) 6.7(1)
0.8 -69(1) 3.52(1) 5.30(1) 3.76(8) 4.9(1)
1.0 -65(2) 3.95(2) 5.62(1) - 4.3(1)
Note that for the x = 0 sample, Co is present only
in 3+ valance state, and the estimated value of µeff
[4.60(2) µB/Co
3+] is slightly lower than the spin only
value for HS Co3+ (4.90 µB/Co
3+) and higher than the
IS (2.83 µB/Co
3+) as well as non-magnetic LS states.
Therefore, the presence of mixed LS–HS or IS–HS or
LS–IS–HS states are expected with dominant contribu-
tion from HS states, as reported in ref. [10]. However,
combination of LS and IS can not explain the measured
magnetic moment. Further, the magnetic moment (µeff)
decreases with increase in the La content from x = 0 to
0.4, which clearly indicates the spin-state transition of
Co3+ from HS to IS/LS states. Now let’s consider the
x = 0.6 sample where the magnetic moment for Co3+
[2.67(6) µB ] is slightly less than that of IS state (2.83 µB)
indicating the possibility of LS–HS or LS–IS or LS–IS–
HS models only and discard the presence of the IS–HS
model, see Fig. 4(c) or Table II. This spin-state transi-
tion of Co3+ from HS to LS/IS states can be well un-
derstood in terms of the chemical pressure exerted on
the atoms due to ionic mismatch, as the smaller size of
La3+ as compared to Sr2+ forces the B-site cations to re-
duce their size in order to maintain the crystal symmetry
(d¯A/A′−O =
√
2d¯B/B′−O). An increase in the concentra-
tion of larger sized Co2+ than Co3+ with x further em-
phasize this fact. In this case, the Co3+ with larger crys-
tal field splitting as compared to Co2+ prefer to change
from HS state to LS/IS states due to having its smaller
ionic size in the latter cases. A similar kind of steric ef-
fect is also reported in [65], where the spin-states of Co3+
in LaCo1−xRhxO3 stabilized in HS state by the substi-
tution of larger Rh3+ cation at smaller Co3+ site. In
the present case, an unusual increment in the magnetic
moment of Co3+ for the x = 0.8 sample needs further
investigation using direct probe like x-ray spectroscopy
[66], as the possible errors due to the presence of small
amount of oxygen non-stoichiometry and role of orbital
7contribution in IS and HS Co3+ cannot be completely
ignored in these samples.
In Fig. 4(c), we compare the experimentally calcu-
lated effective magnetic moment in the present study
using C–W law (solid black circles) with that reported
in refs. [10, 26, 48, 53] as well as the possible mixture of
the different spin-states of Co3+ with La content, keep-
ing composition weighted 5.62(1) µB contribution from
Co2+ HS states. The upper (black), middle (red) and
lower (blue) solid lines show the expected effective mag-
netic moment for the mixtures of HS Co2+ with HS, IS,
and LS Co3+, respectively. Note that a large difference in
the absolute values of the effective magnetic moments is
reported [10, 26, 48, 53], specially for the x 6 0.4 samples
in the present study. This is possibly due to the inclusion
of wide non-linear low temperature region in the fitting
of inverse susceptibility curves [48, 53], where short-range
magnetic correlations are present in these samples, and
overestimated values of the TIP contribution [53]. For ex-
ample, the TIP contribution and frustration in the x 6
0.4 samples reported in ref. [48] are significantly differ-
ent as compared with the present study (see Fig. 4 and
Table II) as well as with ref. [10]. More importantly, we
have selected a high temperature paramagnetic region for
the fitting as there is strong possibility of the tempera-
ture dependent change in the relative population of the
different spin states of Co3+ due to the strong crystal
field effect in the x 6 0.4 samples.
In order to further understand the complex magnetic
behavior in these samples, the isothermal magnetization
(M–H) measurements have been performed and shown
in the Fig. 5, both at 5 K<Tt (a, b) and at 30 K>Tt
(c), up to ± 70 kOe applied magnetic field. Upper and
lower insets in Fig. 5(c) show the coercivity and mag-
netization at 70 kOe, respectively, at 5 K (red solid cir-
cles) and 30 K (blue solid squares) with La concentra-
tion. The non-saturating behavior of the M–H curves at
5 K even up to 70 kOe suggests the presence of canted
spins in x 60.4 samples at low temperature. On the
other hand, considerable values of coercivity and reten-
tivity indicate the presence of small ferromagnetic in-
teractions in these samples. The decrease in coercivity
(HC = 740 Oe, 485 Oe and 60 Oe for x = 0, 0.2 and
0.4 samples, respectively) indicates the reduction in the
ferromagnetic interactions, which is consistent with the
reduction in the bifurcation temperature for x = 0–0.4
samples in χ–T data (see Fig. 3). The M–H curves for
x = 0–0.4 samples at 5 K in Fig. 5(a) show a significant
increase in the magnetization with x. This is due to an
increase in TIP contribution from Co2+ concentration,
which dominates over the effect of decreasing (increas-
ing) ferromagnetic (antiferromagnetic) interactions. In-
terestingly, for x > 0.6 the magnetic moment decreases
at 5 K [see Fig. 5(b)], which clearly indicates the domi-
nance of the AFM interactions between octahedrally co-
ordinated HS Co2+ ions as compared to their TIP contri-
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FIG. 5. Field dependent isothermal magnetization curves of
Sr2−xLaxCoNbO6 for x = 0–0.4 (a) and 0.6–1 measured at
5 K (b) and 0–1 at 30 K (c). Upper and lower insets in (c)
show the coercivity and magnetization at 70 kOe, respectively,
at 5 K (red solid circles) and 30 K (blue solid squares).
bution. The convex shaped M–H curves at high magnetic
field for x >0.6 samples show a weak tendency of the
metamagnetism in the system [67], which can be further
probed by the high field M–H measurements. We have
also recorded the magnetic isotherms at 30 K, in order
to probe the magnetic interactions above the transition
temperature, as shown in Fig. 5(c). It is notable that
the magnetic moment consistently increase with x due
to enhancement of the high moment Co2+ concentration
and absence of any long range magnetic ordering at this
temperature. All the M–H curves in Fig. 5(c) show non-
saturating behavior with negligible hysteresis (see upper
inset) suggesting paramagnetic nature at 30 K, except
for the x = 1 sample.
It is important to emphazise here that our χ–T and
M–H measurements clearly demonstrate an evolution of
the AFM interactions due to enhancement in the antifer-
romagnetic HS Co2+ concentration with La substitution.
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70 kOe. Insets in (c) and (e) show susceptibility at different
applied magnetic fields extracted from the virgin magnetiza-
tion isotherms for the x = 0.6 and 1 samples, respectively
.
At the same time, the presence of small hysteresis for
x ≤ 0.4 samples also indicates the low temperature FM
ordering. In order to examine the strong competition
between FM and AFM interactions due to the change
in spin-state of Co3+ and valence state of Co (i.e., from
Co3+ to Co2+) with La substitution, we study the change
in the magnetic entropy (∆S) for the x = 0, 0.2, 0.6 and
1 samples, as it is more sensitive to the complex mag-
netic interactions, where positive and negative values of
∆S indicate the dominating AFM and FM interactions,
respectively. Figs. 6(a–f) show the virgin magnetization
isotherms for these samples up to 70 kOe at various tem-
peratures ranging from 2 to 55 K. The magnetic moment
values at 2 K and 70 kOe are found to be 1535 emu/mol
(0.28 µB/f.u.) and 2230 emu/mol (0.40 µB/f.u.) for
the x = 0 and 0.2 samples, respectively [see Figs. 6(a,
b)]. These values are significantly lower than the theo-
retical saturation moments of free Co3+/Co2+ ions (Ms
= gJJµB=6 µB), indicating the effect of strong crystal
field and/or canting in the spins at low temperature. We
observe a slight convex nature and a linear behavior of
virgin isotherms below and above TN, respectively in the
x = 0.6 and 1 samples [see Figs. 6(c–f)]. To understand
further we plot the temperature dependent susceptibility
at different applied magnetic fields extracted from the
virgin magnetization isotherms for the x = 0.6 and 1
samples, respectively, as shown in the insets of Figs. 6(c,
e). The susceptibility value at 2 K first decreases with
the magnetic field up to ∼2 T and then increases up
to 7 T, which is the consequence of the weak metam-
agnetic signature as evident in the M–H measurements
[see Fig.5(b)], where magnetic moment increase with the
relatively slow rate at the lower applied magnetic field
and then sharply increases at the higher magnetic fields
due to the weak tendency of the spin reorientation [67].
Further, an increase in the broadening and shift of the
transition temperature to the lower value are evident in
both the samples [see insets in Figs. 6(c, e)], confirming
the AFM interactions. However, both the effects are less
prominent in case of the x = 1 sample as compared to
the x = 0.6, indicating the enhancement in the strength
of AFM interactions with La substitution.
Furthermore, to investigate the nature and strength
of the low temperature complex magnetic interactions,
in Figs. 7(a–f), we present the Arrott plots (M2 versus
H/M), derived from the virgin isotherms, which show
a positive intercept on the x− axis indicating the zero
spontaneous magnetization [68] for the x = 0, 0.2, 0.6
and 1 samples. Also, the presence of the positive cur-
vature for all the samples in the very low field region is
the consequence of the random local field as proposed by
Aharony and Pytee [69]. For the x = 0 and 0.2 samples,
the Arrott curves shift towards higher H/M values with
temperature and are almost straight up to 10K; whereas
a change to positive curvature is observed for >10 K at
low magnetic fields [see Figs. 7(a, b)]. However, a linear
behavior with positive slope i.e. curves are not vertically
straight up to 55 K in the high field region suggests the
presence of short-range magnetic correlations well above
the bifurcation temperature. We note here that, for the
x = 0.6 and 1 samples, the Arrott curves move towards
lower H/M values up to a certain temperature (TN) and
then shift to higher side with further increase in temper-
ature up to 55 K, see Figs. 7(c–f). The M2 curves show
buckling like “S” shape, which is the signature of meta-
magnetic transition in these samples. We observed the
negative (positive) slopes of the Arrott plots in moder-
ate (high) magnetic fields, which suggests that the field
induced phase transition in these samples is complex in
nature [70, 71]. Therefore, it is vital to perform further
analysis of magnetic entropy change, which is considered
to be more accurate to understand the complex magnetic
interactions/behavior and magnetocaloric effect.
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Now we move to the discussion of the change in the
magnetic entropy (∆S) induced by change in the mag-
netic field (µ0∆H) as a function of temperature, which is
estimated using the following Maxwell’s thermodynamic
relation [54].
∆S(T,H) = µ0
∫ H
0
(
∂M(T,H)
∂T
)
H
dH (1)
In Figs. 8(a–d) we plot the temperature dependent −∆S
at various magnetic field change (µ0∆H) values from 1
to 7 T for the x = 0, 0.2, 0.6 and 1 samples, respectively.
In addition, the insets in Figs. 8(a, b) show the low tem-
perature region after normalizing the ∆S with its value
at 55 K i.e., −∆S(T, H)/∆S55K(H) for the x = 0 and 0.2
samples, respectively. The overall negative values of ∆S
for the x = 0 and 0.2 samples indicate the resultant fer-
romagnetic interactions i.e., conventional magnetocaloric
effect (MCE) [see Figs. 8(a, b)]. More interestingly, the
entropy curves [−∆S(T, H)/∆S55K(H) versus tempera-
ture] for the x = 0 and 0.2 samples show a local min-
ima peak at 9–10 K at lower µ0∆H values, see clearly
in the insets (a1) and (b1) of Figs. 8(a, b), which in-
dicates the competition between FM–AFM interactions
[72]. However, the ∆S values should change from neg-
ative to positive when the resultant dominating AFM
interactions are present in the system, i.e., inverse MCE
is expected due to an increase in the magnetic moment
with the temperature. Here, this minima position shifts
towards the lower temperature and eventually disappear
with increasing µ0∆H for the x = 0 sample [see inset (a2)
of Fig. 8(a)]; however, the minima is still visible in the
x = 0.2 sample even at 7 T [see arrow in the inset (b2)
of Fig. 8(b)] suggesting the enhancement in the AFM in-
teractions with La substitution. On the other hand, the
weak antiferromagnetism can be suppressed at high mag-
netic field where all the spins align in the easy direction,
i.e. mixed FM–AFM interactions showing the metamag-
netic transitions have been reported in literature [71–73].
Furthermore, the peak value of the entropy change (i.e.,
–∆Smax) at 7 T found to be ≈0.30 and 0.45 J/Kg K for
x = 0 and 0.2 samples, respectively, indicating a signifi-
cant increase with La substitution (x).
More interestingly, with further increase in the La con-
centration, we observe a negative to positive crossover in
the ∆S curves for the x = 0.6 and 1 samples [see Figs. 8(c,
d)], at TN ≈ 9 K and 15 K, respectively. This indicate
the well known transition from conventional (at T>TN)
to inverse (at T<TN) magnetocaloric effect, as observed
for the AFM materials [74, 75]. We observe a significant
increase in the positive and a slight decrease in negative
values of the ∆Smax for the x = 1 sample as compared
to the x = 0.6 sample [Fig. 8(d)]. However, a shift in the
crossover temperature to the lower value has been ob-
served for both the x = 0.6 and 1 samples with increase
in the magnetic field as a consequence of the decay of
the AFM coupling. Insets of Fig. 8(c) and (d) show the
µ0H versus TN phase diagram for the x = 0.6 and 1 sam-
ples, respectively, where the crossover temperature of the
entropy is considered to be the transition temperature
(TN). The temperature and field dependence of the de-
cay of the AFM interactions can be estimated by fitting
with the equation H = H0(1-T/TN)
ψ as represented by a
solid red line, where H0 is the critical magnetic field re-
quired to break the AFM interactions at 0 K. The H0 and
TN are extracted from the extrapolation of the curves to
0 K temperature and 0 T magnetic field as shown by
the black dotted line. We obtained H0 = 23(1) T and
35(2) T, TN = 9.5 K and 15.7 K, and ψ = 0.56(3) and
0.47(3) for the x = 0.6 and 1 samples, respectively. The
high value of the critical magnetic field, H0 and transition
temperature, TN for the x = 1 sample as compared to
the x = 0.6 further support the fact of the enhancement
in the AFM coupling with the La concentration, as ob-
served in the χ–T measurements. Moreover, a non-zero
value of the magnetic entropy up to well above the Tt
is possibly due to the presence of magnetic interactions
resulting from the frustrated spins, as also evident from
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FIG. 8. Temperature dependent magnetic entropy change at different µ0∆H values for x = 0 (a), 0.2 (b), 0.6 (c) and 1 (d)
samples. Upper and lower insets in (a) and (b) show the low temperature region of the normalized ∆S with respect to ∆S
value at 55K at various µ0∆H values for the clear presentation. Insets in (c) and (d) represent the magnetic field evolution of
the crossover temperature of ∆S curves for the x = 0.6 and 1 samples, respectively. Red solid line indicate the fit to the data
points (see the text) and black dotted line represents the extrapolation of the fit.
the large value of frustration parameter, see Table II. In
addition, the crossover in the temperature dependent ∆S
curves with the significant positive and negative values
suggest that these materials can be potential candidates
for magnetic refrigerators as well as heat pumps [76].
Further, we estimate the power dependence of ∆S on
the magnetic field i.e., ∆S ∝ Hn, where n is the local
exponent of the entropy change. In case of ferromagnetic
materials, it has been reported that n attains its value
1 and 2 below and above the transition temperature, re-
spectively [77]. Whereas, at the transition temperature,
the n can be expressed in terms of the critical exponents
as n(Ttrans)=1 + (1-β
−1)δ−1, where β is the temperature
dependence of the magnetization in the zero magnetic
field (spontaneous magnetization) i.e. M ∝ (TC−T)β for
T<TC and δ is the field dependence of the magnetization
at the transition temperature i.e M ∝ H1/δ[77, 78]. The
local value of n at each temperature and magnetic field
can be calculated using the following equation
n(H,T ) =
d(ln | ∆S |)
d(lnH)
(2)
Figs. 9(a–d) show the 3D plots of the temperature and
field dependent n for the x = 0, 0.2, 0.6 and 1 samples.
It can be clearly observed that n is less than 2 for the
x = 0 and 0.2 samples below the bifurcation tempera-
ture in ZFC–FC curves, except an overshoot of n > 2
around 9–10 K in the low magnetic field regions (<2 T),
where the entropy curves show the strong field depen-
dent behavior [see insets (a1, b1) of Fig. 8]. Whereas,
in case of the x = 0.6 and 1 samples, n is approximately
2 below TN and then shows a characteristic peak at the
IMCE–CMCE crossover followed by n = 2 in the higher
temperature regime (PM) as a consequence of the C–
W law. Recently, Law et al. have proposed a quanti-
tative general criterion based on the magnetocaloric ef-
fect to understand the order of magnetic phase transi-
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FIG. 9. Temperature and magnetic field dependence of expo-
nent n for the x = 0, 0.2, 0.6 and 1 samples.
tion and successfully applied to various compounds in-
cluding cobaltites having AFM–FM and FM–PM type
transitions [79]. The authors showed that the overshoot
in n above 2 is a signature of the first order AFM–FM
transition in GdBaCo2O6−δ [79]. However, in the present
study the values of exponent n are strongly field depen-
dent, for example a sudden transition around 4 T can
be seen for the x = 0.6 sample at around TN. Here our
combined analysis of Arrott curves, and temperature and
field dependence of exponent n suggest a first order tran-
sition at low magnetic fields and second order at higher
fields [71, 80]. In addition, the temperature dependent
specific heat measurements at different applied magnetic
fields would be useful to further understand the complex
magnetic phase transitions in these samples.
Finally we investigate the transport mechanism in
Sr2−xLaxCoNbO6 samples as La substitution converts
Co3+ to Co2+ and expected to increase resistivity sig-
nificantly. In order to probe this effect, temperature de-
pendent resistivity (ρ–T) measurements were performed
for the x = 0–0.8 samples and shown in Fig. 10(a). The
negative temperature coefficient of resistivity indicates
the semiconducting/insulating nature of all the samples
in the measured temperature range, which is consistent
with ref. [81] for the x = 0 sample. We observe an evolu-
tion of strong insulating phenomenon with La substitu-
tion i.e. at higher Co2+ concentration. This behavior at
higher temperature can be understood by the Arrhenius
model, which gives an estimation of the energy required
for charge carriers to take part in the conduction mecha-
nism. The conductivity (resistivity) can be described by
the Arrhenius equation as given below:
ρ(T ) = ρ(0)exp(Ea/kBT ) (3)
where ρ(0) and Ea are pre-exponential factor and acti-
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FIG. 10. (a) Temperature dependent electrical resistivity of
Sr2−xLaxCoNbO6 for x = 0–0.8. (b) Arrhenius plot of ln(ρ)
versus 1000/T and (c) VRH plot of ln(ρ) versus T−1/4. Con-
tinuous black lines show the linear fitting of high (low) tem-
perature data and dashed red line show the extrapolation of
the linear fitting in the lower (higher) temperature regime.
Inset of (b) and (c) represent the variation in the activation
energy and DOS respectively, with La concentration.
vation energy, respectively. In order to extract the acti-
vation energy, ln(ρ) versus 1000/T (from 330 to 380 K)
curves are shown in Fig. 10(b) where their slope is used
to calculate the activation energy (Ea) for the x = 0–
0.8 samples. The Ea values are plotted in the inset of
Fig. 10(b), which show increasing trend with La substitu-
tion and consistent with resistivity behavior in Fig. 10(a).
However, the conduction mechanism significantly devi-
ates in lower temperature regime and can be explained
by the Mott variable range hopping (VRH) model due
to the localized charge carriers. The VRH model for
three dimensional conduction describes the temperature
dependence of resistivity as [82]
ρ(T ) = ρ(0)exp(T0/T )
1/4 (4)
where T0 is characteristic temperature given as, T0 =
18/kBN(EF )L
3 where N(EF) and L are the localized den-
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sity of states (DOS) and localization length, respectively.
The characteristic temperature, T0 is calculated by the
linear fitting of ln(ρ) versus T−1/4 plot in the lower tem-
perature region as shown in Fig. 10(c). The DOS around
the Fermi level can be calculated from the T0 value by
taking average Co–O bond length as localization length
(≈2 A˚). The inset in Fig. 10(c) clearly confirms that the
density of localized states decreases indicating a reduc-
tion in the conductivity with La substitution.
Here we note that the drastic decrease in the conduc-
tivity (increase in resistivity) at higher La concentration
is demonstrated by increase in the activation energy and
reduction in density of state near the Fermi level [see in-
sets in Figs. 10(b, c)], which can be understood in terms
of reduction in the oxidation state of Co ions. In the
transition metal oxides, electronic conduction is mainly
governed by the exchange mechanism mediated by the
transition metal atoms i.e., B-site cations in the dou-
ble perovskite oxides [81, 83]. For low La concentra-
tion samples, Co and Nb atoms are randomly occupied
and hence electronic conduction can mainly take place
through Co3+–O2−–Co3+ path. However, at higher La
concentration, Co3+ converted to Co2+, which is the low-
est oxidation state of Co and hence suppress this conduc-
tion path resulting in the drastic reduction in the elec-
tronic conductivity [31]. Further the enhancement in the
B-site ordering in case of La rich samples leads to the
evolution of longer Co2+/3+–O2−–Nb5+–O2−−Co2+/3+
conduction channel, which can also be responsible for this
notable reduction in the electronic conductivity with La
substitution.
CONCLUSIONS
We have systematically tuned the structural, magnetic
and transport properties through the substitution of Sr2+
by non-magnetic La3+ ions in Sr2−xLaxCoNbO6. The
Rietveld refinements of XRD data show the phase trans-
formation from tetragonal (I4/m) to monoclinic (P21/n)
for the x > 0.6 samples. An evolution of the superlattice
reflections in the XRD patterns and new Raman active
modes confirm the enhancement in the B-site ordering
with increase in La concentration. The field dependent
magnetization measurements shows weak ferromagnetic
interactions for the x ≤ 0.4 samples, while further in-
crease in La concentration give a slight convex like M–H
curves, indicating the presence of weak metamagnetism
in the samples at 5 K. The magnetic susceptibility data
show bifurcation between ZFC and FC curves for the x ≤
0.4 sample, whereas a clear AFM ordering appears with
TN = 9-15 K for the x > 0.4 samples. Interestingly,
the Curie-Weiss behavior of paramagnetic susceptibility
reveals the stabilization of Co2+ in HS state and a spin-
state transition in Co3+ from HS to IS/LS states with La
substitution. Moreover, our analysis of magnetic entropy
change suggests a crossover from conventional to inverse
magnetocaloric effect and explicitly confirms an increase
in the strength of the AFM interactions. We observe
that the temperature dependent resistivity increases sig-
nificantly, which can be explained by Arrhenius and VRH
models. The resistivity behavior is consistent as La sub-
stitution converts Co3+ to Co2+, which suppresses the
conduction path.
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